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Is tubuloglowerular feedback also a tool to prevent nephron oxygen
deficiency? The purpose of the study was to analyze whether rhythmic
oscillations of proximal tubular pressure and distal fluid conductivity at the
renal surface are induced by oxygen deficiency of thick ascending limb
(TAL) segments. Oxygen pressure was measured in halothane anesthe-
tized Munich-Wistar rats by a multi-wire micro-gold electrode at the
kidney surface. Signals from wires placed upon glomeruli and tubuli
exhibited P°2 oscillations with exactly the same frequency (in mean 30
mHz) as have been described for proximal tubular pressures or distal fluid
conductivities. This supports our suggestion that a limited oxygen supply
to the nephron forces TAL segments to oscillate between aerobic and
anaerobic energy production. A switch to glyeolysis reduces TAL's trans-
port efficiency dramatically. At the macula densa, the terminal end of the
TAL segment, the thereby elevated sodium concentration operates as a
switch by means of the TGF to adapt the filtered load to the oxygen supply
of the individual nephron. In this way proximal tubules may also be
protected from oxygen deficieny, which is essential due to their low
glycolytic capacity. An enhanced halothane concentration of 2% or the use
of barbiturates, such as mactin®, blocks oscillations completely as furo-
semide blocks oscillations as well as the feedback response. Reduction of
the hematocrit by exchange transfusion mainly reduces supratubular P°2
values, and to a lesser extent also reduces supraglomerular pressures. This
demonstrates that oxygen shunt diffusion in the kidney cortex and medulla
is a prerequisite for both the function of a sensor to measure P°2 and
oxygen capacity to regulate erythropoietin Secretion and to enable an
effective adjustment of blood flow to the metabolic and functional
demands of the kidney.
Renal blood flow is high, but not luxuriously high as it has been
thought for decades; it results from the metabolic demand of both
renal medulla and cortex. Within both areas an effective shunt
diffusion is present for blood gases [1—3], trapping CO2 to reach
elevated levels within the cortex [4, 5] and the papilla, which
facilitates the shunt diffusion of oxygen by the Bohr effect. Shunt
diffusion reduces P°2 to the brink of oxygen deficiency in parallel
[6—8]. Within the outer medulla, oxygen extraction is surprisingly
high 16] and thereby the oxygen supply of the thick ascending limb
(TAL) segments, especially those of the outer cortical nephrons,
is limited [7, 9]. More interesting is the fact that TAL segments
have a high mitochondrial volume density [10] and also a high
capacity for glycolysis [11, 121. The tubuloglomcrular feedback
(TGF) mechanism may be a perfect tool to adapt the tubular
energy demand to its actual oxygen supply 113]. If the filtered
tubular fluid and sodium-chloride load exceeds the reabsorption
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capacity of this individual nephron, the TAL segment transforms
the enhanced fluid volume into an increased salt concentration
[14], which at the macula densa cells can be used to shut down the
filtered load via TGF. This adaptation operates in an oscillating
fashion, experimentally in the rat with a frequency of 30 mHz
(2/mm) and can be measured by the oscillation of proximal
tubular pressure [14, 15], an oscillation of distal sodium concen-
tration (phase shifted), and also by the oscillation of P°2 as
measured at the renal surface [16] by a multi-wire micro-gold
electrode 117]. The high respiratory capacity of the TAL segments
combined with an oxygen supply at the brink of deficiency and a
high glycolytic enzyme activity are thought to function as a switch
between the aerobic energy supply and anaerobic glycolysis.
During glycolysis ATP production declines drastically from 24 to
3 M/M glucose and sodium concentration at the terminal end of the
TAL segment, the site of the macula densa is increased. At this
point the work load of the whole nephron can be adjusted to the
available energetic stores (oxygen). Thereby the TOF mechanism
can induce oscillations and also protect proximal tubules from
oxygen deficiency, which is essential due to their low anaerobic
capacity.
Methods
Twenty-seven male Munich-Wistar-Frömter rats (MWF) were
used in a range of 250 to 380 g body wt. This MWF strain was
selected for its high numbers of superficial glomeruli [3]. The
animals had free access to tap water and 12 hours before the
experiment to a pelleted standard diet (Altromin 1310). They
were anesthetized with halothane and artificially ventilated via a
tracheal cannula, placed on a temperature-controlled operation
platform to keep body temperature at 3TC as measured by a
rectal probe. The right femoral artery and vein were cannulated
by short PE-50 tubes connected to Tygon tubing, establishing an
arterio-venous shunt. The shunt was connected to a thcrmostatted
glass cuvette housing a Clark-02 electrode (Eschweiler, Kid,
Germany). The shunt tubes were connected to a Perspex block
carrying siliconized steel inlet ports to provide multiple access for
serum infusion, heparin infusion, and an access to flush the °2
sensor cuvette. During the experiment, rat serum diluted with
Ringer lactate and isotonic glucose solution (25 vol% each) was
infused at a rate of 2 to 3 ml/hr, as detailed elsewhere [3, 13]. The
exposed left kidney was immobilized within a thermostatted
chamber and surrounded by moistened cotton-wool (Fig. 1). The
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Fig. 1. Schematic diagram of the experimental
setup: (1) thermostat-controlled rat kidney tray;
(2) A V-shunt, a/v. femoralis; (3) mini-heat
exchanger; (4) perspex block carlying inlet ports;
(5) thermostat-controlled glass cuvette for a P°2
electrode; (6) tube for (7) blood pressure
measurement and (8) infusion line for heparin;
(9) tube for substitution fluid and blood probes;
(10) double syringe pump for exchange
transfusion; (11) small animal respirator; (12)
warming up and moistening of the inspired gas;
(13) halothane vaporizer; (14) gas mi.sing pump
(Wösthoffi Bochum, Germany).
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Fig. 2. Original calibration curve taken from an
8-wire micro-gold electrode. The small insert
gives a scheme of the thermostat-controlled (10 & 2, water inlet and outlet) glass calibration
0 10 20 30 40 50 chamber designed to keep gas bubbles away
from the electrode during calibration (3 & 4,
Time, minutes gas inlet and outlet; 5, sintered glass).
multi-wire micro-electrode with a diameter of 5 mm has been adjusting a counter-weight. For calibration a specially designed
developed by Metzger, Hartmann and Wadouh (detailed in [171) glass cuvette was used (Fig. 2).
and produced in our workshop (Medizinische Hochschule Han-
nover) using an Ag/AgCI-cathode as reference electrode in the Isovolemic exchange transfusion
center (200 jxm) surrounded by 8 gold wires of 15 jxm diameter A conventional syringe pump has been converted to this
each embedded in Hysol (Dexter Corp., NY, USA). The dee- purpose (Fig. 1). The amount of blood withdrawn by the av-shunt
trode was mounted on a specially designed micromanipulator to was replaced simultaneously by serum drawn from a littermate or
the arm of a record player to reduce its weight to a minimum by by a packed red cell suspension with a hematocrit between 75to
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Fig. 3. Recording of p02 at the surjiice of an
exposed rat kidney with an 8-wire micro-gold
electrode, the geometiy of which is shown in the
insert (top left in topographic relation to surface
glomeruli and tubuli). Inspiratory P°2 was
changed from room air to 95% °2/% CO., and
vice versa. Halothane concentration was held
constant at 0.8%, systemic P°2 was initially 80
mm Hg, then 600 mm Hg and back to 90 mm
Hg. Simultaneous recording on paper was
restricted to four channels, but could be
switched from K1-K4 to K5-K8. Starting points
of switching P°2 have been marked, phase
shifts due to the recorder have been
considered: glomerular P°2 increases without
time lag, and tubular P°2 increases after a time
lag of about eight seconds ( time). The
increase of P°2 above the glomerular field was
higher and the slope steeper compared to the
tubular field.
85%. The substitute passed a mini-heat exchanger. Nine animals
were used for this type of experiment.
Results
At a systemic P02 in a mean of 100 mm Hg and a hematocrit of
40% we could measure the following mean oxygen pressure values
at the renal surface: supratubular values: 37.5 6.2 mm Hg (x
SD, N = 49) and supraglomerular values: 55.2 3.0 mm Hg (N =
11). For comparison under the anesthesia with mactin® the
supratubular value was 32.8 9.4 mm Hg (N = 19), and
supraglomerular was 54.9 2.5 mm Hg (N = 8).
The mean frequency of oscillations was 30 2 mHz (range 1.5
to 2.2/mm). At a systemic P°2 of 100 mm Hg (maximal range 70
to 130 mm Hg) the oscillation amplitude of supraglomerular
values was 3.9 2.4 mm l-Ig (N = 52, range I to 10), and
supratubular values was 3.3 2.0 mm Hg (N = 45, range ito 8).
At a systemic P°2 of 600 mm Hg (550 to 650 mm Hg) the
amplitudes were for glomerular, 15 7.6 mm Hg (N = 26, range
5 to 30) and tubular, 8.6 4.7 mm Hg (N 28, range 2 to 20).
Oscillations as measured within a geometric field of ca. 400 xm2
were all synchronized, that is, the supratubular values shifted in
phase to supraglomerular values. An increase in systemic P°2 was
followed by a prompt supraglomerular increase, whereas tubular
values showed a time lag of ca. 5 to 8 seconds. The glomerular
increase was more pronounced. Figure 3 gives a recording of four
wires of the 8-wire surface electrode, which includes a switch from
a systemic arterial P°2 of 80 mm Hg to 600 mm Hg and back to
90 mm Hg. Figure 4 gives three examples of oscillations under
different experimental conditions.
The frequency of oscillations was dependent on the systemic
P°2' ranging from 0% at values < 70 mm Hg, 10% of values at 70
to 130 mm Hg, and 100% at the respiration of pure oxygen (P02
= 600 mm Hg). A high concentration of halothane at> 2% blocks
the oscillations as effectively as it was seen under mactin® under
all conditions (not shown).
Table 1 gives an overview of tubular P°2 when the hematocrit
was varied by exchange transfusion replacing either serum or
packed red cells. At a mean Hct of 38% there is a clear cut
relationship between systemic p02 and tubular P°2 In compari-
son, the increase of tubular P°2 in relation to systemic P°2 is
depressed at a low hematocrit.
Discussion
The ability to produce a concentrated urine is imposed by an
uniquely low ambient oxygen pressure in the renal medulla due to
shunt diffusion within the vascular bundles. As the TAL-segment
is also able to glycolyse anaerobically, a phase of oxygen deficiency
can he bridge-spanned. It allows an exceptionally high oxygen
extraction of 80% in this area [6J. Phases of hypoxia moreover are
thought to induce gene expression for glycolytic enzymes [18]. If
oxygen capacity is reduced systematically, which can be effected in
the isolated kidney model by using cell free perfusate, a typical
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Fig. 4. Oscillations of p02 at the renal su,face at various conditions. Rats have been anesthetized by halothane 0.8% from beginning to end. At the top
right of the figures the topographic positions of channels K1-4 and 1(5-8 are characterized. (A) Systemic arterial P°2 during inspiration of room air: 100
mm Hg with a rapid change to inspiration of 95% 02/5% CO2. (B) Oscillations of P°2 after a short segmental ischemia, recording at the previously
ischemic field. Change of oxygen pressure. (C) Oscillations of P°2 during an isovolemic hemodilution. Tubular P°2 (K3, K4) shows a decrease in the
mean, whereas the glomerular PO2 (Ki, K2) is constant or slightly increases.
Table 1. Mean tubular P°2 at renal surface during exchange transfusion at various systemic P°2
Data are mean values SD.
pattern of lesions occurs in TAL segments and P3 segments [7], of the distal nephron [191 to protect the organism from losing salt
and the reason for the development of these lesions may lie in a and water, but also to protect primarily proximal tubuli and TAL
nonfunctioning tubuloglomerular feedback (TGF) mechanism, as segments from oxygen deficiency. The demonstration of a highly
demonstrated in this preparation. Vice versa, the function of an effective cortical shunt diffusion for blood gases, which can be
intact TGF mechanism in vivo can be seen as restricting the localized mainly to the interlobular arteries [31, which arc sur-
amount of NaCI escaping into the low-capacity transport system rounded by thin-walled interlobular veins [20], and the frequency
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Fig. 5. Graphic course of (A) A TP and (B)
glucose stores in hypoxia in proximal convoluted
120 tubules (0) and thick ascending limb (LI)
segments. Graph drawn from data published by
Bastin et at [301 (used with permission).
distribution of P°2 values with a high fraction of low values within
the renal cortex [3, 211 may be the main reason for a critical
oxygen supply to also be within the renal cortex. It seems to be
essential to have an effective defense mechanism to prevent
oxygen deficiency in proximal tubular cells by a restriction or
adaptation of the proximal work load. Another byproduct of this
effective regulation seems to be the production of erythropoietin,
which has been localized to the peritubular fibroblast-like cells in
the renal cortical interstitium [22], where a sensor mechanism has
been claimed to be localized for the sensing of P°2 and oxygen
capacity. This sensor may also function as a measure of the overall
metabolic activity of the organism. A reduction of the oxygen
transport capacity, as effected experimentally (Table 1) by the
reduction of hematocrit, results in a proportional decrease of
tubular P°2, which can also be used to regulate the renal cortical
production of erythropoietin.
The easy way to anesthetize small laboratory animals by barbi-
turates has masked the phenomenon of functional oscillations of
tubular transport activity for a long time. It was first shown by
Leyssac and Baumbach [151 when they used halothane instead of
thiopental according to the description of Kaczmarczyk and
Rheinhardt [23]. Since that time, several reports have been
published, and it is now established that the periodic oscillation
arises in the operation of TGF [14, 15, 24]. These results paved
the way for our own work [25, 261. It is a challenge to explain why
TAL segments exhibit a high respiratory capacity (mitochondrial
density) and a high glycolytic capacity as well. It seems likely that
this biochemical feature is a prerequisite for the switch function to
adapt oxygen supply to oxygen demand. The strategic position of
the TAL segments in front of the macula densa cells, which arc
operator cells for the TGF, make them to the ideal segment
controlling the nephron work load. Oscillatory phenomena are
well known in biochemistry [27, 281 and a synchronous metabolic
rate of a given cell population is often initiated by sudden
metabolic pertubation, such as aerobic-anaerobic transition or
addition of oxygen or substrate, forcing the individual metabolic
system of the population to identical states [28]. It has been shown
by Holstein-Rathlou, that a suhpopulation of nephrons can syn-
chronize their oscillations when they arise from the same inter-
lobular artery, and he coined it "cross-talk" [14]. It is now evident
that oscillations are transmitted via the interlobular artery from
one afferent arteriole to another neighboring one [29], otherwise
it would also be difficult to explain why supraglomerular P°2
values oscillate with an even higher amplitude than supratubular
ones.
The time course of ATP and glucose stores in hypoxia in
proximal convoluted tubules (PCT) and TAL segments as shown
in Figure 5 has been drawn from data published by Bastin et al
[301. It demonstrates the rapid loss of ATP in PCT, but a long
lasting reserve in TAL segments due to a rapid loss of glucose,
which is thought to have been glycolysed to held ATP stores high
for some 60 seconds. This time course corresponds well to the
frequency of oscillations shown in the nephron function.
Figure 6 gives a synoptic presentation of all parameters, which
have been shown to oscillate and as they have been published
during the last decade and used in the present discussion [13—15,
24, 27, 28, 30]. In the biochemical literature, especially the
concentrations of glycolytie substrates that are coupled to the
adenosine phosphate system [28] that may oscillate, the ATP
system obviously is responsible for the propagation of the oscil-
lation along the metabolic pathway or chain.
This represents a new dimension for the significance of the
TGF and a prerequisite for the regulation of erythropoietin
production within the renal cortex, which is far from beeing
luxuriously supplied with oxygen.
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Fig. 6. Synoptic presentation of a nephron exhibiting oscillations of proximal tubular hydrostatic pressure P.1 oscillation of distal fluid conductivity (Na )
orchloride concentration and synchronous oscillations of surface P°2 above the tubular and the glomerular field. Therefore, sodium load at the beginning
of the TAL-segment oscillates in the same frequency presumably as an oscillation of tubular flow, and the TAL-segment transforms this flow signal into
a change in salt concentration, the more so when metabolism switches from aerobic to anaerobic ATP production. The oscillating sodium concentration
at the niacula densa is able to use the TGF to adapt tubular transport to oxygen supply of the nephron and thus may be the driving forcc for the origin
of this type of oscillation.
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cuvette, which avoids the accumulation of gas bubbles at the electrode
membrane by a Ussing chamber-like gassing.
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